This paper reviews the ways in which interactions have been studied, and the findings of such studies, in science education in both face-to-face and remote laboratories. Guided by a systematic selection process, 27 directly relevant articles were analysed based on three categories: the instruments used for measuring interactions, the research findings on student interactions, and the theoretical frameworks used in the studies of student interactions. In face-to-face laboratories, instruments for measuring interactions and the characterisation of the nature of interactions were prominent. For remote laboratories, the analysis of direct interactions was found to be lacking. Instead, studies of remote laboratories were mainly concerned with their practical scope. In addition, it is found that only a limited number of theoretical frameworks have been developed and applied in the research design. Existent theories are summarised and possible theoretical frameworks that may be implemented in studies of interactions in undergraduate laboratories are proposed. Finally, future directions for research on the interrelationship between student interactions and laboratory learning are suggested.
Introduction
The laboratory is considered by many researchers to play an important role in science education (Hofstein & Lunetta, 2004; Johnstone & Al-Shuaili, 2001) . With the increasing use of automation in higher education, two new forms of technology-augmented practical activities, simulated and remote laboratories, have been commonly used as alternatives or supplements for the traditional face-to-face laboratories (De Jong, Linn, & Zacharia, 2013; Lindsay & Good, 2005) . For each laboratory type, researchers have made investigations from multiple viewpoints, namely the new techniques or teaching strategies implemented in laboratories (Botero, Selmer, Watson, Bansal, & Kraft, 2016; Saxena & Satsangee, 2014) , the description of learning objectives/outcomes for individual laboratories (Bright, Lindsay, Lowe, Murray, & Liu, 2008) , and the comparison of traditional and technology-augmented laboratories (Brinson, 2015; Faulconer & Gruss, 2018; Ogot, Elliott, & Glumac, 2003) . However, most of the comparison of the three modes of laboratories has focused on learning outcomes and less on students' learning processes and interactions. Furthermore, even though some of the simulated and remote laboratories were initially developed to be conducted in distance learning, and interactions have been systematically discussed widely in distance education, there is currently no overview of the literature on interactions in discipline-specific journals. This review addresses the characterisation of studies of interactions in hands-on/face-to-face and remote science laboratories. Simulated science laboratories will not be covered in this review because they do not entail the manipulation of physical equipment as a key activity in the conduct of the laboratory experiment.
Interactions have long been seen as important entities in science education. According to the theory of distributed cognition, learners' performance and learning effects are significantly influenced by the interactions between the learner and the learning environment (Cole & Engeström, 1993; Nakhleh, Polles, & Malina, 2002) . In science laboratories, the learning environment comprises elements such as the learners themselves, other learners, instructors, laboratory manuals, internet, equipment and/ or computers. Four types of interactions, namely Student-Student Interaction (S-S), Student-Instructor Interaction (S-I), Student-Equipment Interaction (S-E) and Indirect Interaction (I-I) are common in science laboratories (Moore, 1989; Sutton, 2001) . In other words, learners' interactions occur with other students, the instructor, the equipment or vicariously (i.e. students listen to interactions in which they are not direct participants).
Traditionally, science laboratory equipment was manipulated directly by the student, meaning that the learners are in the same location as other elements of the learning environment. However, remote laboratories have become more common, where computers and other technologies are playing important roles in the learning process. In remote laboratories, the learners manipulate real equipment and the data results from their manipulation. Nevertheless, the learner and the equipment, sometimes without the instructor and other learners, are physically separated from each other. Researchers have convincingly argued that information technology has dramatically changed laboratory education (Scanlon, Morris, Di Paolo, & Cooper, 2002) , although there may be disparities between the effectiveness of remote laboratories compared to traditional laboratories.
These disparities may be due to the change in learners' interactions with the learning environment. To address this issue, first, the findings are summarised from publications that fall into two fields: interactions in face-to-face science laboratories and interactions in remote science laboratories. Existent theories that have been used in the analysis of interactions are then reviewed. Other theoretical frameworks that may be implemented for the analysis of interactions in the two types of science laboratories are also presented. Finally, conclusions and discussion of implications for future work are made.
It is acknowledged that there have been various studies of interactions in secondary-school education; however, these are not included in this article because the focus of this review is on studies in undergraduate science laboratories in university education wherein students are at a markedly higher level of academic maturity.
Scope of the review methods for this literature search
Focus questions for the review To attempt to summarise the current state of research about the interactions occurring in science undergraduate laboratories, the main foci of this review are the methods employed in the studies, the main findings, and the theoretical foundations. These three categories are believed to guide future research in analysing interactions in science laboratories. Regarding the instruments implemented, the analysis aims to provide a structured summary of measuring interactions in science laboratories. In addition, the presentation of key findings can summarise the current achievements and the potential questions to be addressed in the future. Finally, the theoretical frameworks can bridge the connections between educational psychology and studies of science laboratories. To be specific, this review is structured around these three categories, each of which is guided by a focus question: 1) Measurements: What tools have been used in the characterisation of interactions in undergraduate science laboratories? 2) Results: What has been found in the research of interactions in undergraduate science laboratories? 3) Theoretical Framework: Which theories have been used in the research of interactions in undergraduate science laboratories?
Selection process of articles
To address the focus questions, systematic search methods were used. Two steps were involved in the collection of papers for this review. Initially, adapted from the research method used by Potvin and Hasni (2014) , the ERIC database was searched by pre-defined criteria. However, because only a limited number of articles were found, a subsequent search in Google Scholar and within some journals was conducted. Specifically, the search in ERIC was carried out on July 17, 2018 and the procedures were as follows: 'laboratory interaction' was assigned as the keywords that might appear in abstracts or titles, the research subjects were science and some science subjects (including biology, chemistry, physics, geology, astronomy and ecology). The codes for searching were:
(title: 'laboratory interaction*' OR abstract: 'laboratory interaction*') AND (title: (science* OR biolog* OR chemistr* OR physics OR geolog* OR astronom* OR ecolog*))
The publication years and the type of source (peerreviewed journals and theses) were not constrained. The education levels were focused on science education in postsecondary education, higher education, and two-year colleges as these are the targeted groups of this review paper. From the first step, 62 articles were obtained. After scanning the abstracts and titles, only 16 articles were retained. The articles that were excluded were about the intermolecular forces in the micro atomic level (20) or studies not in science (1), or those that covered more general concepts of interactions (19), or about simulation laboratories (5). One journal article closely related to the first author's thesis was retained while the thesis was removed.
Since only one article was found about interactions in remote laboratories in ERIC, a next-step search was conducted in Google Scholar (2018), using the keywords: "laboratory interaction" undergraduate remote science. The time period was set as 1996-2018; because 1996 was considered to be the year when remote-access learning began to be implemented in engineering education (Aktan, Bohus, Crowl, & Shor, 1996) . Among the 72 results illustrated, after scanning the titles and abstracts, only one focused on interactions in remote science undergraduate laboratories. The other publications were either about interactions in science in educational contexts (58), or about virtual laboratories (4), or did not match the predefined age group (8). The results showed that compared to face-to-face laboratories, there were few studies that were directly related to interactions in remote laboratories, or at least this was not clearly shown in the titles and/or abstracts.
Because only a small number of relevant works had been found using the foregoing interrogations, the search database was changed from Google Scholar to journal websites and the focus was moved to the remote laboratory itself, not just in interactions. The Boolean conditional keyword phrases used in the search included "remote laboratory/experiment" and "real laboratory/experiment". As it is not long since remote laboratories began to be integrated into the science undergraduate curriculum, the year of publication was constrained to the last 10 years, ranging from 2009 to 2018. The journals included: Computers & Education, Computers in Human Behavior, and Distance Education. These journals were chosen because they are dedicated to research on the use of advanced technologies from educational and/or psychological perspectives. In addition, remote laboratories have been used in distance education, so the Journal of Distance Education was searched. Among the 726 articles found, the following criteria were conducted to filter the literature by scanning the titles and reading the abstracts: (1) only articles focusing on remote laboratories were retained. For example, some articles were deleted because their foci were on simulated laboratories (Scalise et al., 2011; Stang, Barker, Perez, Ives, & Roll, 2016) (2) articles on engineeringrelated education instead of science were deleted (Corter, Esche, Chassapis, Ma, & Nickerson, 2011; Kamruzzaman, Wang, Jiang, He, & Liu, 2015) (3) articles that did not address education-related problems were not retained (Botero et al., 2016; de la Torre, Guinaldo, Heradio, & Dormido, 2015; Orduña et al., 2015) (4) only research papers were retained while review articles and book chapters were not included; articles (5) which were not related to laboratory learning, but in a broader range of distance education were not included. After the selection, only four articles were retained.
Since there were only 22 articles (16 + 1 + 1 + 4) retained about interactions in face-to-face and remote laboratories, a final search was made in both of the two areas. A search of citation and reference lists and a search of the publications which had cited the chosen articles were conducted. As a result, a total of 21 papers on interactions in face-to-face and 6 articles on interactions in remote laboratories were selected. We remark that this low total may indicate a current shortage of research work having been conducted on student interactions in university laboratory learning.
Interactions in face-to-face science laboratories
Research on interactions in face-to-face science laboratories appeared earlier than their counterpart studies in simulated and remote laboratories and continue broadening to studies with many new perceptions. Observers have created and are updating a wide variety of observation instruments to capture both the instructors' and learners' interactions. Techniques used to identify and collect these interactions have changed from paper-and-pencil and audiotape recordings to more advanced computer-assisted means. Such tools have been used to investigate the connection between learners' behaviours and their learning outcomes. Thus, researchers have analysed the content, nature, and the functions of interactions, to identify not just their frequency but also to identify the influences of frequency on learning. Consequently, both quantitative, qualitative and mixed methods in data collection and data analysis have been used. In brief, researchers have described what the interactions were and how they worked. Below the tools developed to this end and the functions of the interactions that were measured are overviewed.
Variations of measurement tools in face-to-face science laboratories
As illustrated by the following authors, the designs of observation tools were motivated by the desire to assess learning or instructional effects in some reformed curricula such as by inquiry (Hilosky, Sutman, & Schmuckler, 1998; Sadler, Puig, & Trutschel, 2011; Stang & Roll, 2014; West, Paul, Webb, & Potter, 2013) . These authors chose observation as the main method of data collection because observation could provide direct and reliable data to record and describe students' and instructors' behaviours (Lund et al., 2015) . Most of these observations provided information about the frequency of interactions and whether or not the interactions were verbal and/or non-verbal. Consequently, the results were quantitative rather than qualitative. A summary of these studies is presented in Table 1 .
All the observation instruments in the aforementioned papers/studies can be allocated to three categories described by the American Association for the Advancement of Science (2013): holistic, segmented or continuous. With holistic instruments, the observer documents the instructors' and learners' behaviours altogether and rates them according to pre-defined criteria. With the segmented instrument, the observer records the instructors' and students' performance at short intervals, normally every few minutes. The only continuous protocol, developed by West et al. (2013) , requires the whole observation to be conducted without any break.
Some earlier studies focused on the frequency of student interactions in science laboratories. For instance, Kyle, Penick, and Shymansky (1979) compared the frequency of a wide range of interactions in both introductory and advanced laboratories in five college science disciplines. The occurrence of the interaction of each student was identified using the Science Laboratory Interaction Categories (SLIC) that listed ten main student activities. The authors further compared the frequency of interactions according to the level of laboratories (introductory or advanced) and the five science subjects. Their study focused on undergraduate behaviours in science laboratories and the results mostly comprised a description of the frequency of interactions. This research by Kyle et al. (1979) showed that students spent a large amount of time in reading and writing, more than that for experimenting. The students also listened a lot, both from instructors and their peers, and the authors concluded that these listening activities were more about information transmission and less about question-answering or problem-solving. No significant differences were found for the ten detailed interactions, except for the amount of time spent on reading and writing, existing within and among the laboratory levels and science disciplines.
In addition to the foregoing type of observation in whole classes that documented both verbal and non-verbal interactions, some researchers were more interested in the frequency of verbal interactions. For example, Lehman (1990) divided the various verbal interactions into 13 types: five Student-Student interactions, four student-initiated Student-Instructor interactions, and four instructor-initiated Student-Instructor interactions, and documented the length of students' verbal interactions according to these categories. The findings showed that students interacted a lot with their classmates, referred to laboratory equipment or read laboratory manuals. As for S-S interactions, the style of laboratories had an impact on them, and more time was spent on procedures in unfamiliar laboratories, whereas more time was spent on data collection in familiar ones. By contrast, only 11% of the total interactions were related to Student-Instructor interactions. It needs to be noted that although Lehman did not define his observation instrument according to the American Association for the Advancement of Science categories; it was inferred to belong to the structured observations category.
The two studies (Kyle et al., 1979; Lehman, 1990 ) discussed above were both concerned with the frequency of interactions from the students' perspective. In other words, the observers concentrated more on how student behaviours influenced their learning. The instructor's behaviours were only captured when he/she was interacting with the students. By contrast, in many other types of studies, the researchers focused on how to improve instructional capacity by designing the observations to document the teachers' interactions with their students (Cohen & Ball, 1999) . One example is the study made by Hilosky et al. (1998) where the observations were based on the Modified-Revised Science Teacher Behaviour Inventory (MR-STBI) in both general and introductory chemistry laboratories, in one German and 16 American higher education institutions. A further interview with each instructor clarified why some interactions were more or less important. The results by combining the MR-STBI and the interviews illustrated that the design of the laboratories did not consider highlighting higher-order thinking.
In addition, using the modified form of SLIC, Ajaja (2013) observed 48 instructors' behaviours from six areas of science laboratories. The findings from their observations implied that SLIC could be a reliable instrument to collect information about the instructor' behaviours in science undergraduate laboratories. The information could be used as further evidence for the instructors to self-assess their behaviours or for the institutions to prepare instructor training. The relationship between interactions and student engagement has been the focus of many researchers' interests. In two studies (Sadler et al., 2011; Stang & Roll, 2014) , student engagement was considered an important factor in describing or correlating with interactions. Sadler et al. (2011) developed a tool -Laboratory Instructional Practices Inventory (LIPI) -to assess laboratory instruction in transformative courses. Two main ideas were included: levels of student engagement and the content of student discourse. This observation tool was designed for instructors or laboratory coordinators to improve the quality of laboratory learning according to students' perceived learning processes. Another group (Stang & Roll, 2014) included student engagement level as a research element in an attempt to find the relationship between teaching style, student engagement, and student learning. The Teaching Assistant (TA) observation form was designed to collect three main instructor interactions. The modified on-off task form from (Ocumpaugh, 2015) was used to record whether the students were engaged or not. In addition, pre-and postlab multiple questions were used to compare the learning achievements. Results showed that only the frequency of teacher-initiated S-I interactions positively influenced engagement while the rate of student-initiated S-I interactions and the length of interactions had no effect on engagement. On the other hand, students' engagement and their learning were mutually influential. In summary, the authors suggested that instructors should interact with their students more actively and frequently to increase student engagement and thereby improve student learning outcomes.
Driven by technological breakthroughs and their applications in education, the stages in data collection and data analysis of laboratory interactions varied from microphone and audio-tape to more computerised or online tools. West et al. (2013) introduced a computerised Real-time Instructor Observation Tool (RIOT) to analyse S-I verbal interactions. In this research, data analysis, especially in a quantitative way, was more efficient in the computer-based approach. The Internet also improved efficiency in communication and information exchange between different institutions. Based on the theory developed by Cohen and Ball (1999) that interactions between students, instructor, and materials each influence instructional capacities, Velasco et al. (2016) developed an observation instrument -the Laboratory Observation Protocol for the Undergraduate STEM (LOPUS) -to investigate the TAs' instructional practices. It was found that students' behaviours were independent of TAs' instructional characteristics, and the TA initiated fewer verbal conversations than did the students. It was also reported that TAs behaved similarly in all laboratories, whereas the nature of S-I verbal interactions varied according to the types of laboratories.
In contrast to the studies described above, Miller, Brickman, and Oliver (2014) developed a peer assessment tool for one TA to assess the other TAs' teaching using the Teaching Assistant Inquiry Observation Protocol (TA-IOP). Both novice and experienced TAs observed other instructors' laboratories in different periods of the whole semester. The new TAs learned a great deal from their peers and made changes in their own teaching. The researchers also recorded the frequency of student and instructor interactions using this holistic observation instrument.
Although none of the above observation tools was able to capture all of the instructor's or learners' interactions, these observation tools could provide a general view of the students' and instructors' interactions in the laboratory classroom for researchers and instructors to understand and anticipate what does and what may happen in a science laboratory. In some studies, correlations between the frequency and time spent on different kinds of tasks and student engagement were presented (Sadler et al., 2011; Stang & Roll, 2014) while others compared inquiry learning and instructor behaviours (Hilosky et al., 1998) . However, all of the former information was too general to describe the link between interactions among participants and their learning outcomes. A detailed analysis of various interactions with further differentiation and their educational influences is needed to answer this question. This gives rise to the second aspect of interaction studies: the nature and function of interactions, which were linked to focus question 2.
Findings of interactions in face-to-face science laboratories
Studies of interactions are not just about their frequencies but also focus on the analysis of the nature and functions of the interactions. Compared with the previous type of studies that were concerned with describing the interactions that happened in the classroom, the second type of studies emphasized the relationship between interactions and learning outcomes. Accordingly, researchers have tried to correlate results from surveys with students' learning achievements while others examined the way that learning environments influenced learning, mainly by investigating the content of conversations. Although observations were still being used by researchers as one of the main methods to examine the functions of interactions, the researchers in these studies did more than just record the frequency of learners' and instructors' interactions. A summary of these studies is presented in Table 2 .
A widely-used multiple-choice questionnaire -the Questionnaire on Teacher Interaction (QTI) (Wubbels, 1993) -was designed to identify the interpersonal relationships of the learners and teachers. The teacher behaviour was divided into four dimensions: dominance, cooperation, submission, and opposition, which were further categorised into eight equal sessions to resemble teacher behaviours. The results showed a close relationship between teacher interpersonal behaviour and students' learning outcomes: the positive relationships were leadership, friendly and understanding; while the negative relationships were uncertain, dissatisfied and admonishing. Contradictory results for student achievement and attitudes in sectors Dominance-Opposition and Submission-Cooperation meant that there seemed to be a conflict for the teachers in being strict and at the same time giving students responsibility. Similarly, the connection between the curriculum and students' learning outcomes were not strong. Another research direction provided by Rybczynski and Schussler (2013) used a modified version of the Fennema-Sherman Mathematics Attitude Scale (FSMAS) (Fennema & Sherman, 1976) and an online questionnaire including mainly open-ended questions to assess the students' attitudes to undergraduate biology laboratory classes. Their findings showed that interactions with the TAs played important roles in the students' attitudes to the laboratories both positively and negatively. It was also concluded that in the biology laboratories, the TAs had more important influences than the laboratory content on the students' attitudes. Another example was made by (Wei et al., 2018) , in which a self-designed pre-lab survey was conducted to collect information about the importance of interactions before the commencement of the laboratory, and a post-lab survey was used to measure the frequency of interactions after the completion of the laboratory activity. The results from the survey were validated by the results of on-site observations. The research showed that students with different laboratory marks had various anticipations about the importance of interactions before the laboratory. In addition, those students with lower marks placed a high reliance on passive interactions such as with the laboratory manual and the internet.
Other researchers have used qualitative content analysis, instead of multiple-choice instruments, to describe and inspect the nature and functions of interactions. In one example of this genre of research, using a naturalistic method in one inquiry-based laboratory, Roychoudhury and Roth (1996) investigated how collaborative work influenced students' learning experiences in the science laboratory and consequently their effects on learning in three representative groups. The authors videotaped each group's activities and transcribed the recordings into analysable data, then interpreted the interactions with group members and between the groups and teachers' conversations according to Bloome's cultural framework of multiple levels of interactions (Bloome, 1989 ). Bloome's theory about status difference within group members was affirmed. Three types of interactions within group members were identified:
(1) symmetric interactions: the role of group members were equal, no one dominated the discourse for a prolonged time and members shifted their duties naturally; (2) asymmetric interactions: only one member discussed with the teacher and other group members only asked questions occasionally, which happened more in the process of conceptualisation; and (3) shifting asymmetric interaction: this kind of interaction had both components of symmetric and asymmetric interactions, the dominant people varied from one student to another within a notable time period. However, although more frequently interacting with others meant higher levels of participation of some students, the research did not definitely show that these students had higher levels of academic achievements. In the laboratory data collection stage, all group members had equal involvement. For the S-I interactions, there were two types in different stages of the laboratories: discussion about conceptualization in the planning and data interpretation stages; and an advisory role of the teacher in the data collection stage. Overall, from the observations of overt participation in the discourse, no relationship between interactional patterns and academic achievement of group members was identified. However, the researchers proposed that the teacher's intervention had an impact on students' learning and that teachers should promote passive members' involvement.
In another study, Krystyniak and Heikkinen (2007) differentiated categories of interactions based on the constant comparison method (Glaser, 1965) and documented the transcribed verbal interactions of each group into various parts, conducted both in Independent Chemistry Project (ICP) and non-ICP chemistry laboratories. By comparison, it was found that ICP could help students focus more on concept development and less on procedural steps. Högström, Ottander, and Benckert (2010) connected S-I and S-S interactions with learning experiences using one explanatory method that analysed the verbal and non-verbal behaviours of the students and the teacher. Three componentssafety and risks, procedures and equipment, and chemical concepts -were the main forms of S-I interactions; and the first two topics were prominent in S-S interactions. The authors also pointed out that S-I interactions were useful in Table 2 Summary of tools/methods, types of interactions and the major findings of interactions in face-to-face science undergraduate laboratories Tools/Methods
Interactions Main Findings
References Practical Tests Assessment Inventory (PTAI) adopted from Tamir, Nussinovitz, and Friedler (1982) Comparative, cooperative, and individualised S-S interactions Competitive interactions were proved to be more potent than cooperative and individualised approaches. (Okebukola, 1984) Questionnaire on Teacher Interaction (QTI) S-I interactions Teacher behaviours are more strongly related to student learning outcomes than curriculum content. (Wubbels, 1993) Bloome's multiple levels of interactions
Verbal and non-verbal
This naturalistic study shows that instructor-student interactions illustrate different features in different stages of the laboratory. (Roychoudhury & Roth, 1996) The self-developed method through constant comparison Verbal Students interact less in inquiry laboratories than non-inquiry approaches. (Krystyniak & Heikkinen, 2007) Ethnographic and mixed-method comparison of verbal discourse Verbal and non-verbal A comparison between the three groups indicated that to effectively develop conceptual understanding, friendly and relatively critical group atmosphere was required. (Oliveira & Sadler, 2008) Interviews, observations, and video documentation
Verbal and non-verbal The instructor-student interaction was helpful in guiding students' activities. (Högström et al., 2010) Sociocultural discourse analysis Verbal and non-verbal Students favoured proposing ideas more than asking questions in a higher level of inquiry laboratories (Xu & Talanquer, 2013) Tuckman's stage model Verbal and non-verbal Instructors can take some methods to realise the students' behaviour and foster their peer interactions. (Gresser, 2006) The constant comparison method S-I verbal The S-I verbal interactions were influenced by the laboratory content (Flaherty et al., 2017) Eighteen-category items of teacher/student interactions selected and modified after Ogunniyi and Ramorogo (1994)
S-I Verbal and non-verbal
Human-machine interaction in computer-based instruction learning environments: learners need to reallocate cognitive gains and effort and examine possible sources of error. (Kiboss, 1997) A modified version of the Fennema-Sherman Mathematics Attitude Scale (FSMAS) and a questionnaire Student Attitude TAs influence the students' attitudes to the biology laboratories to a great extent. (Rybczynski & Schussler, 2013) Student and teaching assistant questionnaires S-I Interactions To keep the same TA (over different sessions) gave higher learning outcomes for students than with expert TA model. (Good et al., 2015) A pre-and post-lab survey (2017) also employed the constant comparison method to evaluate the impact of Teaching as a Laboratory Graduate Teaching Assistant Program (TCL-GTA) in S-I psychomotor and cognitive verbal interactions. After coding and comparing the S-I discourses in each of the three stages of the chemistry laboratories, the authors found that implementation of the TCL-GTA program had increased the frequency of both psychomotor and cognitive verbal interactions. In other words, the level of conversations related to concepts was also developed with the process. Besides qualitative methods, mixed-method studies were also common in categorising the functions of interactions. As an example, Xu and Talanquer (2013) collected data using the method of running records (Poulsen et al., 1995) , whereby the researchers recorded the behaviours of one group closely in each laboratory, at the same time trying not to interfere in their activities. It was found that in the higher level of inquiry laboratories, episodes of proposing questions, exploratory approaches, and a domination of few students directing the process became more common. Roychoudhury and Roth (1996) focused on analysing the characteristics of group verbal and non-verbal interactions but used only one sociocultural discourse analysis method (Kumpulainen & Mutanen, 1999) to describe the effect of level of inquiry on interactions comprising three categories: language function, cognitive processing, and social processing. Results showed that changes in levels of inquiry in the science laboratory could be one factor but not a determining factor on learners' higher level of cognitive processing. Oliveira and Sadler (2008) examined collaborative learning in three representative groups using a combination of ethnographic and mixed-method discourse analysis. According to their description of elaboration within groups and dealing with conflicts, as well as the conversation analysis, different characteristics were found in these three groups although the instructional direction was almost the same. For Group 1, most of the peer interactions were in the form of non-elaborated conceptions, while unsolicited self-elaboration occurred sporadically such that the whole process tended to lead to vagueness. For Group 2, group members interacted with each other with gradual elaboration, which led to well-articulated conceptual constructs. For Group 3, there was a confrontational atmosphere and minimal convergence. This study also gave suggestions on how to combine social culture and social cognition together to promote science learning. The results from Oliveira and Sadler (2008) illustrated that although collaborative actions were efficient in developing concepts, some factors might hinder these results, such as students' preferences, group culture and timely instruction from teachers. By contrast, Gresser (2006) was concerned more with the relationship between group sharing of the epistemological framework and constructive work, as well as the social patterns inside the group activity. After observing several case studies, groups with a good understanding of the laboratory activity arrangements led to more efficient results; groups with a less common understanding of the target were directed by the dominant person, who acted more like an individual doing the work and without cooperation.
In his study, Blickenstaff (2010) proposed a framework for analysing physics education, in which the programme, the teachers, the students and the collective working units (groups) were the elements of the classroom. Using this framework as guidance, the author observed the physics laboratory classes and interviews with focus students. There were no pre-designed observation protocols but the combination of overall observations with the whole class and with individual groups was used. The semi-structured interviews were designed to check the results from the observations. The findings reported in this article emphasized the importance of students' conversations and interactions with their groups in the students' learning. The research methods also provided rich information about the learning process in physics laboratory classrooms from the aspect of interactions.
Except for the analysis of the contents of interactions, some other findings provided information about the links between interactions and learning from other viewpoints. One example was from Good, Colthorpe, Zimbardi, and Kafer (2015) , in which the comparison was made based on different forms of TA-to-student model. One model was the students worked with the same TA (consistent) for the whole term, while for another model, the students did not stay with the same TA (the expert TA model). Students who were assigned consistent teaching assistants performed better than those with the expert TA model. The TAs also explained that this format helped them to create a strong relationship with the students and positively influenced their learning experiences.
Overall, in face-to-face laboratories, the main forms of interactions of interest to researchers were the verbal interactions rather than the non-verbal ones. However, compared with the critical review of interactions in the science classroom by Power (1977) , current studies have not changed in many ways. The two approaches proposed by Power, namely using observation as the main data collection method, and the influences of the interactions, are still prominent nowadays.
Interactions in remote science laboratories
The appearance of remote laboratories was closely related to technology innovations, as they would not be possible without the support of advanced technology. However, although technology underpins the development of remote laboratories, technology is only the interface, not the ultimate goal. It is the interaction and engagement between the learner and the technology, not the technology itself that imposes function on the learning outcomes (DiSessa, 2001) . The notion that the use of remote laboratories is to improve learning or as a way to supplement traditional laboratories is central to their development and use. As to interactions that occur in remote laboratories, on the one hand, they were transformed in terms of technology improvement; on the other hand, this transformation aimed to serve the need to improve learning, especially in students' conceptual understanding.
In remote laboratories there is a physical and psychological separation between learners and equipment; thus, it is necessary to use technology-supported learning interfaces to reduce this separation resulting from learners' lack of experience, creating decreased satisfaction levels (Lindsay, Naidu, & Good, 2007) . For example, although most students in this study believed that they had conducted a real laboratory and the data were authentic, they still preferred a hands-on laboratory. They also proposed that they were not feeling personally engaged in the laboratory because of the separation from the apparatus (Lowe, Newcombe, & Stumpers, 2012) .
A 'real' remote laboratory requires that the learners manipulate the equipment individually and no instructors or other on-site peers are with them at that time. Learners can only receive instant help from embedded help formats or online search engines; information from sources such as online discussion groups or feedback from instructors are sometimes available but are not simultaneous. These differences mean that support from technology is indispensable. Therefore, some studies are concerned with improving technology to enrich students' learning experience and learning outcomes. On the other hand, some researchers are interested in whether or not to use a 'false' remote, meaning to retain some elements such as online help from instructors or conduct group work during the laboratory process instead of individual work. Although some researchers believe that not as many interactions were required in remote laboratories (Scheucher, Bayley, Gütl, & Harward, 2009) , the present review endeavours to examine whether the change of interactions influences students' learning.
Studies of remote laboratories fall into three main types: (i) introduction to developed hardware or software applied in remote laboratories, (ii) comparison of learning outcomes in the two laboratory modes (face-to-face and remote), and (iii) the creation of effective collaboration and a communicational learning environment. Although none of the three categories directly describes the influences of interactions on learning, or even uses the term 'interaction', analyses were made to explore the three elements in a learning environment, student, instructor, and material, as well as their connections with learning. Accordingly, the interactions implicitly covered in the literature were divided into three categories: Student-Student, Student-Instructor, and Student-Equipment, to explore their influences on students' learning. Thus, in Table 3 we have summarised current knowledge of how the interactions between a student and the other elements were summarised, whether they are instructors, other learners, laboratory materials such as laboratory manual or equipment, or technology, have changed in remote laboratories and how these changes have influenced learning. The interactions are then described in the following subsections.
Student-student interactions in remote laboratories
The Student-Student Interactions in remote laboratories occur between one student and other students, as happens within groups or individually, with or without the presence of an instructor (Moore, 1989) . These interactions may be synchronous or asynchronous, in the form of e-mails, blackboard communication, or web 'chatting'.
A remote laboratory comparison was made by Böhne, Faltin, and Wagner (2007) when allocating student pairs into two types: in one type the two students were in different rooms and could only contact with each other online, while in the other type the students were in the same room and could see and talk to each other. A tele-tutor was in the laboratory process simultaneously for each kind of group. Results showed that if all the influencing factors were combined together, only initial knowledge was strongly correlated with task success, while group setting did not. However, if initial knowledge was eliminated from the factors, group setting would significantly correlate with task effectiveness. Another group's findings, from a student questionnaire, revealed that the students favoured working in three as a group in remote laboratories (Botero et al., 2016) .
Other research focused on creating online platforms to increase cooperation between learners. For example, by developing the Cooperative Weblab in chemical engineering, Le Roux et al. (2009) showed that this platform increased teamwork skills and promoted higher-level interactions among learners because of working with unfamiliar colleagues and the embedded open-ended questions. Another example (de la Torre et al., 2013) introduced a collaborative approach where other people can be invited by the learners/instructors in the virtual and remote laboratory sessions and interact with each other and share the learning process simultaneously. Students showed an increased level of engagement and the number of completed laboratory assignments also improved with the help of this collaborative approach.
Interestingly, it was proposed in one study (Corter et al., 2011) that in face-to-face laboratories, the datacollection mode in groups showed an advanced relationship with the learning outcomes, while in the remote laboratory mode, the individual data-collection condition had more advantages than group data collection form. This finding may imply that in remote laboratories, the S-S interactions did not play as many important roles in the learning process as in the face-to-face ones. Although this study was made in the discipline of engineering, the findings can provide some directions for the studies in science remote laboratories.
Student-instructor interactions in remote laboratories
It is widely thought that instructors play important roles in face-to-face chemistry laboratories (Herrington & Nakhleh, 2003) and that their behaviours have positive impacts on students' learning outcomes (Stang & Roll, 2014) . Compared with the S-I interactions in physical laboratories, sometimes there are no instructors when the students are conducting the remote laboratories because it is hard to provide 24/7 services in remote laboratories. Even though some groups had instructors involved, the instructors were not physically together with the students. Some research studies with remote-access laboratory examples where there were supervisors or teaching assistants in the room or via tele-tutorial support over the internet (Böhne, Rütters, & Wagner, 2004) may provide hints about whether the absence of instructors influences students' learning. Böhne et al. (2004) used synchronous tele-tutorial methods such as desktop sharing, video or audio talking between instructor and learners in a remote setting. They also designed two forms of directed learning: instructor-directed and selfdirected learning. In instructor-directed learning, the students received a large amount of help from the instructor and had to report to the instructor on the progress at the end of each task. In self-directed learning, the students only received hints from the instructor about where to find the information. To summarise their findings, the asynchronous human instructor was necessary to tackle some specific problems in remote laboratories, being available to help students online instead of being physically with them. These instructors did not participate a great deal in the learning process but provided help only when needed. The form of online help could be audio chat and desktop sharing whereas social cues like a gesture or facial images could not be used in this process. Cooper and Ferreira (2009) introduced a framework to evaluate the pedagogical effectiveness of remote laboratories. The results showed that S-S and S-I interactions had decreased after the implementation of remote laboratories. One possible explanation was that the learners might feel disappointed if they did not have unlimited access to the instructor even though they had unlimited access to the remote equipment.
Student-equipment interactions in remote laboratories
Even though some researchers proposed that an interface or equipment "merely acts as a confounding intermediary" between learner, instructor, and content (Hillman, Willis, & Gunawardena, 1994) , other researchers argued that the machine or monitor was an important communicating medium for learners, which could be helpful in "the mentoring, instruction, tutoring and assessment of students" (Henry, 2000) . Remote laboratories have some unique functional features which cannot be provided by face-toface laboratories (Cooper & Ferreira, 2009 ); for example, students can work from a library of instrument panels, receive an abundance of information instantly from the help function, or have embedded formative assessment to receive instant feedback. The influences of computerised learning environment should be analysed.
Researchers have studied the impact of S-E interactions in remote laboratories on learning. Sauter, Uttal, Rapp, Downing, and Jona (2013) made a cross-comparison of four laboratories based on two influencing factors: the lab type (remote or simulation) and the representations (photo or videos). The remote users were more satisfied with the benefit from computers of reducing human error. The users who had watched the live video showing the process of data collection felt more engaged and were Wei et al. Disciplinary and Interdisciplinary Science Education Research (2019) better at explaining some content knowledge compared with those who only viewed a picture. This phenomenon illustrated that the design of the interface that connects the learner and the equipment heavily influences the learners' experience and learning outcomes.
Overall evaluation of remote-laboratory interactions
Overall, in remote laboratories, there may be fewer interpersonal interactions than in face-to-face science laboratories depending on the situation. For example, in some remote-laboratories, the learners work in groups, with or without an instructor, while in other examples, learners conduct the experiment independently without any predesigned interpersonal information exchange. It is thought that the decrease in interpersonal interactions may be supplemented by S-E interactions provided by advanced technologies. However, current research is not rich enough to provide sufficient support to validate this assertion. Researchers working in the area of Computer Supported Inquiry Learning (CoSIL) have made valuable contributions to the development of tools in guiding online inquiry laboratory process (De Jong, 2006; Quintana et al., 2004) . In their review paper, Zacharia et al. (2015) provided evidence of the relationship between suitable guidance in the inquiry process and student learning in a CoSIL environment and recommended personalised guidance. Although the studies of CoSIL are not necessarily related to this review, it is still believed there are overlaps, and that their findings and work can potentially direct the design and study of interactions in remote laboratories. Detailed information can be found in the aforementioned papers.
Theoretical frameworks for interactions in face-toface and remote laboratories
The investigations of interactions in science-laboratory classrooms over the past decades have provided valuable information about laboratory learning. However, some of their usefulness is limited by the lack of operationalizing a learning theory in the specific context of a science laboratory. Theories that some researchers have proposed that may be used in the analysis of interactions in science laboratories are discussed in this section. Roychoudhury and Roth (1996) implemented Bloome (1989) and Bowers and Flinders (1990) 's cultural framework ascertaining that classroom culture sheds light on knowledge construction in science laboratories. The culture framework proposes that each classroom has a unique culture that develops over time and influences the interactions among the persons involved. Based on the work of Roychoudhury and Roth (1996) , the cultural framework was deemed appropriate to analyse the nature of interactions within individual groups and between groups and instructors. Kumpulainen and Mutanen (1999) illustrated a sociocultural analytical framework that included three dimensions: functional analysis, cognitive processing, and social processing. This analytical discourse theory also emphasized that culture played important roles in knowledge construction and attempted to underpin patterns of peer group interactions. The framework has been widely used in collaborative learning research (Mercer, Littleton, & Wegerif, 2004; Xu & Talanquer, 2013) in different learning contexts.
Similar to previous frameworks which emphasize the importance of the environment on learning, Komorek and Kattmann (2008) developed the Model of Educational Reconstruction (MER), referring to the interconnection of science content, students' perspectives and learning environment. Wei et al. (2018) applied this model to a study of interactions in science laboratories.
The key finding was that students' perceptions, course content, and learning environments interrelate with each other and have mutual influences.
The earlier three models were implemented in face-toface science laboratories. For remote laboratories, there is only one example that attempted to involve theory and this was for engineering laboratories. Tirado-Morueta, Sánchez-Herrera, Márquez-Sánchez, Mejías-Borrero, and Andujar-Márquez (2018) adopted Kolb (1984) 's theory of experimental learning to assess learning and the design of remote laboratories. They illustrated that learning happened through interactions/interactivity between students and other people, or the equipment. During these interactions, learning occurs in the four phases of Kolb's theory. The group then implemented Kolb's theory in the design of practical remote laboratories and assessed students' perspectives. However, this study is from engineering laboratories, even though the possibility of it being implemented in remote science laboratories is high, more evidence is needed to demonstrate its generality.
Theories developed for conventional laboratories could be applied or adapted to guide studies in remote laboratories. Distributed cognition (Nakhleh et al., 2002) was recommended as one possibility for the following reasons. Technologies play important roles in remote laboratories in the information exchange for students. Therefore, students' interactions with other mediators, such as other learners, instructors, equipment and computers have significant influences on their learning process and learning outcomes. The distributed cognition theory arises from the consideration of knowledge being developed in the interactions with environments, not rooted in individuals (Cole & Engeström, 1993) . Cole and Engeström added the new element of time to show the dynamics of interactions between learners and technology, based on the mediational triangle presented by Vygotsky (1978) . In this assumption, technology is not a passive mediator to transact information but influences the learner and knowledge foundation. The application of this idea was reinforced by Garcia (2002) who implemented several simultaneous interactions using the interface technology in remote laboratories, By contrast, the model of Cole and Engeström did not permit simultaneous interactions because it only applied to one student dealing with one tool and one curriculum, and therefore did not exploit the different opportunities offered by the remote-laboratory mode.
To sum up, there is limited literature on the implementation of theories in studies of interactions, especially in remote laboratories. However, it is necessary to apply relevant theories to studies on interactions. Theoretical frameworks are able to connect the researcher to existing knowledge, and guide researchers to explain, not just to describe the observations but to identify the key variables influencing a phenomenon. Tirado-Morueta et al. (2018) have effectively shown that existent theories can be combined into studies of remote laboratories in the engineering area. It is therefore recommended that in science remote laboratories, theories be combined with the studies of interactions.
Discussion and future directions
The goal of this review was to understand the previous findings of interactions in both face-to-face and remote laboratories. Although studies of interactions have different characteristics and different emphases, each can contribute to an understanding of student learning in the laboratory. Three aspects, namely measurement methods, main findings, and theoretical frameworks, were focused on in the article selection and grouping, based on the two types of laboratories. Even though the findings are divided into two main categories based on the laboratory type, the emphasis of this review is not on the comparison between studies of interactions in faceto-face and remote laboratories, but on the combined findings and to use the current state-of-the-art to direct future research on student interactions in laboratory learning. The boundary between face-to-face laboratories and remote laboratories has become less significant in recent years with more face-to-face science laboratories being mediated by computers (Ma & Nickerson, 2006) . It is, therefore, less necessary to focus on the difference between the two types of laboratories, rather than to focus on what can be learnt from each other's study. The following discussion will provide suggestions for future work by summarising current existent studies.
In studies of face-to-face laboratories, the observation tools were used as collecting data about students' and/or instructors' behaviours. Initially, data obtained from the observation instruments were only analysed to capture behaviours (Kyle et al., 1979; Lehman, 1990) , while in the later years, results from the instruments were connected with other data to understand the impacts of interactions (Hilosky et al., 1998) , or with the investigation of student engagement (Sadler et al., 2011; Stang & Roll, 2014) . The studies were also improved by the integration of more theories as guidance (Velasco et al., 2016) .
As to the nature and function of interactions, although no studies reported that the frequency of interactions impacted the students' learning outcomes, it was illustrated that interactions, especially those with instructors influenced the students' attitudes to science and engagement levels in the laboratory activities. Even though some of the S-I interactions had both positive and negative effects, instructors were encouraged to promote passive members' involvement in the learning process. In addition, interactions can reflect the student behaviours in specific learning environments and can be used as identifications of the laboratory content as the interactions changed with regard to the laboratory context. This is demonstrated by some studies which assessed the effectiveness of curriculum reform from the viewpoint of interactions.
In face-to-face laboratories, Student-Equipment Interactions and Indirect Interactions have mainly been neglected as compared with the two types of interpersonal interactions (Student-Student and Student-Instructor). Except for one article (Wei et al., 2018) , no studies in science laboratories were found that included these types of interactions. It is suggested for curriculum designers and instructors to be aware of the importance of these two types of interactions (S-E and I-I).
There are fewer studies of interactions in remote laboratories compared with their face-to-face counterparts and there is a significant lack of systematic observation instruments and associated findings of interactions in remote laboratories. However, since the learning process can be reflected by interactions, it is necessary to investigate them. The current methods for studying interactions already used in face-to-face laboratories may be applied to study remote laboratories. For example, in some of the remote laboratories, systematic observation instruments can be implemented to analyse the learner's interactions if possible. Furthermore, detailed analysis of groups manipulating remote laboratories can be conducted by referring to previous methods and theories which have been used for face-to-face laboratories. In one study, an attempt was made to analyse the factors of group conflict and cultural diversity within virtual teams (Paul & Ray, 2013) . Although this was not directly made with students performing remote laboratories, it could be possible guidance for the studies in remote laboratories. Another factor that should be taken into consideration is that face-to-face and remote laboratories can serve different learning objectives. In face-to-face laboratories, the emphasis has been put on design skills development, while remote laboratories were effective in teaching concepts (Ma & Nickerson, 2006) . Therefore, in analysing the characteristics and functions of interactions in science laboratories, one should also consider the learning objectives, and laboratory types, not just the form of changes of interactions due to the variance of technology. The classical paper of Nickerson et al. (2007) provided a systematic evaluation method for the effectiveness of remote laboratories. It is also suggested that studies in distance education be referred to for researchers of remote laboratories because they have two similar characteristics: a physical separation between learners and other people, and technology being used to reduce this separation. Because of the physical distance between learner and equipment in remote laboratories, some students felt that they were not intimately involved in the laboratory process (Lowe et al., 2012) . This problem may be overcome by adopting ideas from simulated laboratories, increasing learners' feelings of presence with the help of advanced technologies (Orduña et al., 2015) . However, it is not easy to achieve, especially in science laboratories, as this requires remote sciencelaboratory designers, to also have high-level computer skills. Thus, different institutions or people from various areas with complementary expertise should work together to solve this problem. After all, there have been multiple successful examples from cross-institutional collaboration in the area of remote laboratories (Orduña, Almeida, López-De-Ipiña, & Garcia-Zubia, 2014) .
In remote laboratories, Student-Equipment is the most prominent type of interaction. The interaction between student and interface can be regarded as the difference between technicians and professionals, the technician doing what he or she was trained to manipulate while the professionals were always thinking about what and why they were doing the task this way and not in a different way (Biggs, 2011) . In remote laboratories, because they are provided with more freedom and time, students sometimes can be independent thinkers and learners. They can also control their speed of learning and think at a more complex level. In this self-monitored process, human-computer interactions can be defining factors in the learning process. Therefore, studies about humancomputer interactions may be related to the understanding of interactions in remote laboratories (Volpentesta, 2015) . One example is the finding that the frequency of using learning aids was increased when the on-screen access or prompt to such aids was clearly visible but also non-intrusive (Ruf & Ploetzner, 2014) .
Educationalists have their own preferences for data collection and data analysis relating to science laboratories. Qualitative methods are believed to be beneficial for gaining deep insights to learning and teaching in the classroom and hence provide opportunities to understand the learning-related behaviours and/or motivations arising from the interactions (Cole, Becker, & Stanford, 2014; Gee & Green, 1998) . However, qualitative studies have been constrained to limited numbers of participants and the results are consequently hard to generalise. From this aspect, quantitative methods have their advantages in their characteristics of easy-toconduct and yield a broader view. The commonly used process-product paradigm has enriched people's knowledge in student and instructor's performance and the relationship between them with an individual's learning achievements (Fraser, Giddings, & McRobbie, 1992) . It seems that the best way is to combine qualitative and quantitative methods, for example, to collect data quantitatively and explain the results qualitatively (Hofstein, Levy Nahum, & Shore, 2001; Tobin & Fraser, 1998) . However, the research goals and focus questions are the most important aspects to be considered. Thus, whether to use quantitative or qualitative methods is not the central question. What matters is the identification of the problems to be addressed because the methods are just the tools used to develop their solution.
Concluding remarks
After the critical review of Power (1977) pertaining to interactions in science classrooms, until around 1996 (as shown in Interactions in face-to-face science laboratories section) there were few studies on this topic. Since 1996 there has been an increased interest in laboratory interactions, though the general principles of methodologies in face-to-face science laboratories have continued in a similar vein. On the one hand, a range of new instruments/surveys have been developed and direct observations have been conducted to capture and describe the interactions that occurred in the classroom in greater detail than previously, and by using advanced technologies. On the other hand, to gain a better understanding of the nature of verbal and non-verbal actions that takes place among and between students, instructors, and equipment, educationalists have analysed how interactions signify students' perceptions of the learning process. As for remote laboratories, approaches to studying interactions in laboratory activities are not well-developed and to date there are no systematic studies of interactions in science undergraduate remote laboratories. The teaching laboratory is a complex environment where it is hard to record every event and evaluate its importance. However, many studies have illustrated the fact that even only an investigatory glimpse of the interactions can yield valuable insights into the learning process and a deep understanding of the obstacles that students encounter. This is clearly an opportunity for future research on interactions in both face-to-face and, more pressingly, remote science laboratories. His main research area is fundamental Fluid-structure Interaction and its application in engineered and biomechanical systems. As a university educator, he also conducts research in Engineering Education practice. Associate Professor Marjan Zadnik's research interests include evaluating the teaching and learning of Einsteinian Physics in schools, and investigating how students learn in laboratories. Prof Lindsay is the Foundation Professor of Engineering at Charles Sturt University. His research interests centre largely around online learning -the use of remote and virtual laboratories, MOOCs and other methods for making learning asynchronous, and data analytics for promoting student learning.
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